INTRODUCTION
Calcium influx controls numerous cellular functions in the CNS, including transmitter release, neuronal excitability, and both pre-and postsynaptic forms of synaptic plasticity (Bliss and Collingridge 1993; Christie et al. 1994; Kennedy 1989; Miller 1988) . In CA1 hippocampal pyramidal neurons, Ca2+ influx is largely dependent on the generation and propagation of Na+ -dependent action potentials that activate voltage-gated Ca 2+ channels Spruston et al. 1995 ) . These pyramidal cells express at least four different voltage-gated Ca2+ channels, including low-threshold T channels and high-threshold L, N, and P channels (Fisher et al. 1990; Mintz et al. 1992) , but the spatial distribution of these channels and their contribution to physiological activity is not well understood. To help delineate the contribution of different channel types to somatic and dendritic functioning, we imaged Ca2+ influx in response to brief trains of action potentials and studied the effects of several specific Ca2' channel antagonists on Ca2+ transients in the soma and dendrites of CA1 neurons (Eliot and Johnston 1994; Mintz et al. 1992; Tsien et al. 1991) .
METHODS
Transverse hippocampal slices (400 pm) were prepared from 2-to 4-wk-old Sprague Dawley rats and maintained at 30 t 1°C (mean t SE) in a submerged chamber. Slices were continuously perfused at l-2 ml/mm with artificial cerebrospinal fluid (ACSF) composed of (in mM) 124 NaCl, 26 NaHC03, 10 dextrose, 2.5 KCI, 3 CaC12, 3 MgC12, and 1.25 NaH2POd, bubbled with 95% 02-5% C02. Kyneurenic acid ( 10 mM, Sigma) was added for the dissection only, and the NaH,PO, was omitted in solutions containing Cd 2+ or Ni 2+ ions. Drugs were applied by bath perfusion and were fully exchanged within 3 min. Nimodipine was prepared from a lo-mM stock solution in ethanol and kept in the dark. The final ethanol concentration was 0.1% and, in separate control experiments, was found to have no effect on the cells' electrical properties or Ca2+ transients. All peptide inhibitors were prepared from stock solutions in water that were frozen in single-use aliquots at -2OOC. w-Agatoxin-IVA (w-aga-IVA) was from Peptides Institute. w-Conotoxin-MVIIC was from American Peptide, and wconotoxin GVIA and DL-2-amino-5phosphonovaleric acid (APV) were from Sigma.
Ca2+ imaging and simultaneous intracellular recordings were performed as previously described . Cells were generally held slightly hyperpolarized (-70 to -80 mV) with a small bias current (-0.1 to -0.4 nA) to prevent spontaneous firing. Spike trains (25 Hz, 500 ms) were elicited at 5-min intervals with the use of 7-to 15-ms depolarizing pulses. The number of action potentials was fixed within a given experiment but ranged from 11 to 15 in all experiments. Relative changes in [Ca2'li were quantified as changes in AFIF, where F is fluorescence intensity before stimulation (after subtracting autofluorescence) and AF is the reduction from this value during neuronal activity (corrected for bleaching during the run). Autofluorescence averaged 20 t 2% of total fluorescence in the soma and progressively increased out the dendrites to a high of 60 t 3% in the most distal region ( 150-200 pm). Bleaching was typically 0.25-1.0% AFIF s-l. The AFIF signals for fura-were converted to an absolute Ca2+ concentration by the formula where [ Ca2'],,, is the resting [ Ca2+li, which was assumed to be 60 nM, (AFIF),, = 0.8, and Kd = 230 nM Lev-Ram et al. 1992; Regehr et al. 1989; Tank 1990, 1992) .
RESULTS
We impaled and filled single CA1 pyramidal neurons in hippocampal slices with the fluorescent Ca2' indicator, fura-2, and measured changes in [Ca2+] i in response to a fixed number of action potentials (spikes) triggered intracellularly at 25 Hz (Fig. 1) . As reported previously Regehr et al. 1989; GVIA irreversibly inhibited somatic and proximal dendritic Ca'+ transients but did not affect more distal regions, whereas 50 yM Ni" reversibly inhibited the Ca'-transients in all 5 regions.
1990, 1992), spike train-induced Ca*+ transients are largest in the proximal dendrites and negligible at distances greater than -250 pm from the soma. We therefore positioned our tield of view to include the soma and the 1st HO-200 pm of the apical dendrites (the distance from the soma to the tips of apical dendrites in the rat is -400 pm). In the present experiments, Ca2+ transients were largest in the proximal dendrites ( [Ca"lI = 235 nM, O-50 pm from soma), with smaller changes occurring in more distal dendritic regions (2 I7-145 nM, 50-200 /*rn from soma) and the soma ( 171 nM; Table 1 ). After establishing a stable control response, we applied various Ca*+ -channel antagonists to assess the contribution of different high-threshold channel types to spike-induced Ca *+ influx. Specific blockers of the L-, N-, and P-type Ca*+ channels were applied in separate experiments. The Lchannel antagonist, nimodipine (10 PM), had the largest effect, inhibiting 33% of control somatic influx, 24% in the proximal dendrite, but only 9-10% of the signal at points beyond 50 pm. The N-channel blocker, w-conotoxin-GVIA (5-10 PM), was the next most effective, inhibiting 26% of somatic influx, 8% in the proximal dendrite, and essentially none beyond -50 pm (Fig. 1C) . The P-channel blocker, w-aga-IVA (loo-240 nM), was least effective at inhibiting 9 + 6 (6) 3 + 3 (4) 3 + 1 (4) spike-induced Cal' influx, blocking just 16% in the soma, 1 1% in the proximal dendrite, and none at all in more distal regions. Another high-threshold Ca" channel, the Q channel, has recently been described in cerebellar granule cells (Randall et al. 1995) . Although a specific antagonist is not yet available, it is blocked by w-conotoxin-MVIIC, which also inhibits N and P channels (Randall et al. 1995; Swartz et al. 1993; Wheeler et al. 1994) . We compared the effects of MVIIC to those of w-aga-IVA and w-conotoxin-GVIA in an attempt to determine whether Q-type channels contribute to spike-induced Ca '+ influx in CA1 neurons. We found that 10 p,M MVIIC blocked slightly more Ca" influx (soma: 49%; 75 p,rn: 13%) than the sum of the inhibition produced by the specific N and P channel blockers (soma: 42%; 75 p/m: 6%). MVIIC also did not substantially affect Ca2' influx in the distal dendrites (Table 1) . Thus a small component of the Ca" transient appears to be mediated by Q channels, which, like the other high-threshold types, plays a larger role in Ca" influx in proximal as compared with distal dendritic regions (Fig. 2B) . We next applied the nonspecific Ca'+ channel antagonist Cd "- (Zhang et al. 1993 ) , to further explore the finding that each of the high-threshold channel antagonists blocked less of the signal at points distal to the soma. Cd"+ (200 and 500 p(M) almost completely inhibited somatic and dendritic Ca2+ transients, although there was a somewhat smaller block in the distal dendrites with 200 p,M. To ensure that the recorded transients were dependent on extracellular Ca", we also tested the effects of Ca?' -free ACSF. In these experiments the transients were uniformly and reversibly reduced when Ca'+ was removed from the medium (Table 1, Fig. 2C ). The addition of 200 PM Cd'+ to the nominally zero Ca2' solution further reduced the transients in all regions of the neurons (Table 1 ) . The spike-induced Ca" influx in the dendrites that was resistant to the high-threshold channel antagonists was not dependent on voltage-dependent and Ca2+ -permeable N-methyl-D-aspartate (NMDA) receptors; in keeping with previous reports , we found no difference in the magnitude of the Ca2+ signals when experiments were performed in the presence of the NMDA receptor antagonist DL-APV (50 PM; data not shown). Taking the data together, we conclude that most of the spike-triggered rise in intracellular Ca'+ is due to influx through voltage-gated Ca'+ channels and that the channels in the distal dendrites are somewhat less sensitive to Cd'+ than those near the soma. The origin of the small component that is resistent to 500 PM Cd'+ is not completely clear. A small amount of Ca" influx may be expected through Na+ channels ( Lev-Ram et al. 1992) or through reversed Na + -Ca2' exchange (Lipp and Niggli 1994) . It is also possible that a small component is due to Ca'+ -induced Ca" release, although in cerebellar Purkinje cells much higher levels of intracellular Ca2+ than those observed here are required to induce release (Llano et al. 1994) .
The observation that distal Ca'+ influx was both less sensitive to Cd'+ and relatively insensitive to the toxins raised the possibility that distal dendritic signaling might utilize T channels. These low-threshold channels are reportedly less sensitive to Cd" and more sensitive to Ni'+ than highthreshold channels in hippocampal pyramidal neurons (Mogul and Fox 199 1; Ozawa et al. 1989 ). We therefore tested the effect of a relatively low dose of Ni2' (SO p,M) on spikeinduced Ca" influx. In contrast to Cd"+ and the various specific high-threshold channel antagonists, Ni '+ produced a greater blockade of Ca" influx in more distal dendrites than in the soma and proximal dendrites (Fig. 1 E) . On average, 50 PM Ni'+ reversibly inhibited Ca'+ influx in the soma by 28% and all dendritic regions by 30-35% (Table  1, Fig. 2C ). Increasing the concentration of Ni2+ to 100 PM enhanced this gradient, blocking 26% of the somal Ca" transient and nearly 50% of more distal signals.
DISCUSSION
In previous studies, Ca" influx in CA 1 pyramidal neurons was found to depend on the generation and spread of Na' spikes ). Here we confirm that spikes act by opening voltage-gated Ca" channels. Effects of various Ca*+ channel antagonists on Ca2+ influx as a function of location. A : positive micrograph of a fura-2-filled CA1 pyramidal neuron illustrating 50-pm-long regions analyzed in all cells. B: average (&SE) effect on spike-induced Ca '+ influx in the soma and in 50qm segments of dendrite plotted at the midpoint of each segment, for cells treated with 10 PM nimodipine (n = 6), 5-10 /IM w-conotoxin (n = 4), loo-240 nM w-aga-IVA (n = 4), and 10 PM u-conotoxin MVIIC (n = 4). C: effects of Ni*+ (50 or 100 FM, n = 5 for each), Cd*+ (200 PM, n = 5; 500 PM, n = 3), and nominally 0 Ca'+ (n = 4). Dendritic location refers to the distance from the edge of the soma.
results indicate that each of the four high-threshold channels (N-, P-, Q-, and L-type channels) are preferentially located in somatic regions, whereas T types [or some other Ni'+-sensitive channel such as the R type (Randall et al. 1995; Swartz et al. 1993) ] are more greatly distributed throughout the distal dendrites. The fact that several antagonists did not inhibit distal Ca2+ .
influx raises the possibility that we systematically underestimated the autofluorescence correction. Because basal autofluorescence is a greater contributor to the total signal in distal regions, any underestimation would tend to reduce the effect of the antagonist more in these regions. This does not seem to be the case, however, because the nominally zero Ca2+ treatment failed to produce a gradient of inhibition, whereas Ni2+ produced an inverse gradient of block. Thus reducing Ca2+ influx does not automatically result in reduced inhibition distally. In addition to directly blocking Ca*' influx through a particular channel, any of the antagonists could, in principle, alter Ca2+ influx through other channel types indirectly, by blocking Ca2+ or Ca2'-dependent K+ currents that underlie the action-potential waveform. Although we did not detect any such changes in action potentials recorded in the soma, we cannot rule out the possibility that any of the antagonists altered spike shape or propagation in the dendrites. The contribution of N, P, L, and possibly R channels to spike-induced Ca2+ influx observed here agrees with voltage-clamp studies showing a roughly equal proportion of these channel types in CA1 cell bodies (Fisher et al. 1990; Mintz et al. 1992) . Furthermore, our observation that MVIIC blocks more Ca2+ influx than would be expected from the sum of N-and P-channel contributions suggests that the resistant component of high-threshold Ca2+ current in pyramidal neurons (Eliot and Johnston 1994; Mintz et al. 1992; Regan et al. 1991; Tsien et al. 1991) is mediated, at least in part, by Q channels. Our results agree with immunocytochemical data showing that L-type channels are clustered in the soma and proximal dendrites ( Westenbroek et al. 1990 ), where they may play a special role in somatic functions such as gene expression (Bading et al. 1993) . Similarly, the finding that N, P, and Q channels do not appreciably contribute to more distal dendritic Ca" transients is consistent with their proposed role in transmitter release (Luebke et al. 1993; Takahashi and Momiyama 1993; Wheeler et al. 1994; Wu and Saggau 1994) , which would necessitate presynaptic localization.
The distribution of Ca2+ channels appears to change along the length of the dendrite. Although action potentials continue to trigger substantial Ca2+ transients in middle dendritic regions, this influx is not sensitive to the high-threshold channel blockers and is less sensitive to Cd2+ than the channels in the soma and proximal dendrite. Recent single-channel recordings from our laboratory confirm that Ni 2+ -sensitive channels are present in distal dendrites (Magee and Johnston 1995b) , suggesting a role for T-and R-type channels (Wheeler et al. 1994) in distal Ca'+ influx (Markram and Sakmann 1994) . The presence of voltage-gated Ca2+ channels in dendrites, particularly low-threshold channels such as the T type, suggests that they may play an important role in synaptic integration as well as postsynaptic forms of plasticity known to involve Ca*+ influx Komatsu and Iwakiri 1992; Magee and Johnston 1995a) . More generally, the nonuniform contribution of different channel types to Ca2+ influx in the soma and dendrites supports the notion that they underlie distinct cellular functions.
